Abstract-In this paper, we investigate the benefits of an angle diversity receiver (ADR) in an indoor cellular optical wireless communications (OWC) network. As the ADR consists of multiple photodiodes (PDs), a proper signal combining scheme is essential to optimise the system performance. Therefore, three different combination schemes, the equal gain combining (EGC), the select best combining (SBC) and the maximum ratio combining (MRC), are investigated. The results indicate that the ADR significantly outperforms the single-PD receiver in terms of both signal to interference plus noise ratio (SINR) and area spectral efficiency (ASE). In particular, the ADR implementing the MRC scheme achieves the best performance, where over 40 dB SINR improvement is attained compared to the single-PD receiver.
I. INTRODUCTION
In order to alleviate the looming spectrum crisis, visible light communication (VLC) has emerged as a supplement to traditional radio frequency (RF) techniques [1] . VLC uses light-emitting diodes (LEDs) for transmission and photodiodes (PDs) for detection. Due to the physical nature of LEDs and PDs, intensity modulation and direct detection (IM/DD) must be used to realise a VLC system. Recent research shows that a VLC system can achieve communication speeds of over 3 Gbps from a single colour LED [2] . Moreover, VLC systems operate in the entirely unregulated electromagnetic spectrum and are therefore: a) safe to use in electromagnetic interference (EMI) sensitive environments; b) not subject to spectrum licensing for communication purposes.
An indoor cellular optical wireless configuration is investigated in this work. This enables high data density by harnessing the frequency reuse gains available to small cell systems. Indeed, optical cells can be considerably smaller than RF cells due to the limited coverage and interference protection by solid objects [3] . An indoor optical cellular system can have small cell sizes with little, if any, intercell interference. This facilitates higher bandwidth reuse and therefore higher data density. In an indoor optical wireless scenario, each LED array in a room serves as an optical access point (AP). We refer to this type of the optical cellular network as an optical attocell network [4] . In optical attocell network, optical orthogonal frequency division multiple access (O-OFDMA) can be used as the multiple access technique, since it allows for a flexible allocation of communication resources to every user in a network.
In previous work, an optical cellular VLC system using multiple laser sources and multiple detectors is shown to provide a wide coverage area and high data rates [5] . Unfortunately, this configuration requires precise alignment and mobile user tracking, which makes it difficult to implement for practical purposes. An indoor optical orthogonal frequency division multiplexing (O-OFDM) based cellular system that achieves high throughput by frequency reuse is proposed in [6] . However, the proposed system is designed specially for an aircraft cabin and fixed frequency reuse is sub-optimal with respect to interference coordination.
In this study, we use angle diversity receivers (ADRs) to address the issue of interference coordination as well as frequency reuse in an indoor cellular system. An ADR consists of multiple narrow-field-of-view (FOV) PDs, which, when combined, result in the same FOV and coverage area as the FOV of a single-PD receiver [7] . These narrow-FOV PDs can be selected or combined to minimize co-channel interference. Therefore, three combining schemes, the select best combining (SBC), the equal gain combining (EGC) and the maximum ratio combining (MRC) are proposed. As a result, the ADR that uses the proposed schemes significantly outperforms the single-PD receiver in an optical cellular system. The remainder of this paper is organised as follows, the system model is introduced in Section II. The single-PD receiver scenario is introduced in Section III. The scenario of the ADR scenarios are discussed in Section IV. The simulation results are presented in Section V. Finally, Section VI concludes the paper.
II. SYSTEM MODEL

A. Channel model
In this work, a line-of-sight (LOS) optical channel is assumed. The channel DC gain is defined as follows [8] :
where d is the distance from a transmitter to an optical receiver; A p is the physical area of the optical receiver; Θ c is the FOV of the optical receiver; m is the Lambertian index which is a function of the half-intensity radiation angle θ 1/2 as m = 1/ log 2 (cos(θ 1/2 )); T s (θ) is the gain of the optical filter; φ is the angle of irradiance; θ is the angle of light incidence at the receiver; the concentrator gain g(θ) is given as:
where, n is the reflective index of the receiver optics.
B. Area Spectral Efficiency
Initially, the area spectral efficiency (ASE) is used to evaluate the spectral efficiency of cellular RF systems in [9] . For a cellular VLC system, the ASE is defined as the sum of the user throughput per unit bandwidth per unit area, which can be expressed as:
where k is the user index, K is the total number active users, A is the area of the room, B is the modulation bandwidth of an AP and the Shannon channel capacity for user k is defined as:
where B k is the allocated bandwidth to user k and γ k is the electrical signal to interference plus noise ratio (SINR) at the receiver of the user k.
III. SINGLE-PD RECEIVER SCENARIO In this study, the system performance of the single-PD receiver scenario is set as a baseline to evaluate the system performance of ADR scenarios. In the single-PD receiver scenario, each user in the VLC attocell network is equipped with a single-PD receiver to collect optical signals.
In order to maximize the SINR of each user in this system, a source AP needs to be selected out of candidate APs for each user. The source AP of user k, b
where, b is the index of the AP. The γ (b,k) is the SINR of the user k that establish a link with AP b, which can be expressed as:
where r is the optical to electric conversion efficiency; P t is the average electric power of an LED array; H (b,k) is the channel attenuation between user k and AP b; b ∈B
represents the electrical interference power and B
inter is the set of the interfering APs for user k according to the selected AP b; N 0 is the noise spectral density. Note, that there is no frequency selective fading in a VLC system such as the proposed one as the PD area is much larger than the wavelength of the optical signal. It is, therefore, assumed that all AP exhibit similar frequency responses which are determined by the electrical and optical components used. Proportional fair scheduling is assumed, which means that the available bandwidth of the AP is shared equally across all users that are connected to that particular AP. The bandwidth per user is then:
where N sub is the total number of subcarriers of an AP, N k is the number of users that are served by the same AP which serves user k, · denotes the floor function. Finally, the average ASE can be calculated as:
IV. ADR SCENARIOS In this scenario, each user in the VLC attocell network is equipped with an ADR which consists of 7 PDs attached to a semi-sphere base. One of the PDs is located at the top of the base and the other six are located symmetrically along the side of the base, as shown in Fig. 1 . Each PD on the receiver has the same FOV and β denotes the half-angle of the FOV. In addition, α is defined as the angle between the direction of the central PD and the direction of the outermost PD.
Unlike a single-PD receiver, the direction of each PD on an ADR varies which can significantly affect the system performance. Therefore, it is of vital importance to carefully choose a fair metric to compare the performance between an ADR scenario and a single-PD receiver scenario. In this study, we constrain the FOV of the ADR to be the same as the FOV of the single-PD receiver. Indeed, the overall coverage area of the ADR is equivalent to the coverage of the single-PD receiver. The FOV area of an ADR (S1) and that of a single-PD receiver (S2) are presented in Fig. 2 .
A. SBC scheme
The SBC scheme is originally proposed in [7] and is adapted for an optical attocell network. Each user terminal selects one PD to establish a link with its source AP. The source AP, b where s k is the PD index of user k and γ (b,s k ) is the SINR of the link between AP b and PD s k , which can be expressed as:
The method of bandwidth allocation is identical to the one in the single-PD receiver scenario and the ASE can be represented as:
In the SBC scheme, an ADR only considers the signal from the PD with the highest SINR. That means it requires a dedicated circuit to continuously monitor the SINR on each PD. Moreover, a fast switch is also needed for receiving the signal from the selected PD. Since the PD with the highest SINR is selected, the ADR can attain a high overall SINR. However, since only one PD is used at a time, the gain of combining signals from different PDs might not be well exploited in this scheme.
B. EGC scheme
The EGC is a scheme that exploits the gain of combining signals from different PDs on an ADR. For each user, the signals on each PD are combined with equal weights. To optimize the SINR performance of each user, an suitable source AP, b
where γ (b,k) is the SINR of the link between AP b and user k, which can be expressed as:
where S is the total number of PDs on an ADR, the numerator of (13) represents the total signal power received by all PDs of an ADR;
represents the total interference received by all PDs.
The subcarrier allocation is identical to the one in the single-PD receiver scenario and the ASE can be calculated by (8) .
The EGC scheme combines the signals on each PD with equal weights, which means that only a simple combiner is required for the combining circuit. Since signals from different PDs are combined together, the received signal power of an ADR implementing the EGC scheme is higher than the one in the SBC scheme. However, since the signal from each PD is equally weighted and combined, the noise and interference may result in a poor overall SINR.
C. MRC scheme
In order to overcome the drawback of the EGC scheme, MRC scheme is proposed to emphasis the signal from the PD with high SINR. The MRC scheme is similar to the EGC scheme except that the weight factors on each PD are proportional to the respective achieved SINR. In the MRC scheme, a suitable source AP, b (k) src is selected to maximize the SINR performance:
where γ (b,k) can be expressed as:
where w s k is the weight factor of PD s k , which can be represented as:
The subcarrier allocation scheme is the same as the one in the single-PD receiver scenario and the ASE can be calculated by using (8) .
Since the weights are generally different and proportional to the SINR of each PD, a sophisticated circuit is required to continuously monitor the SINR on each PD. In addition, compared to the EGC combing scheme, additional multiplication operations are required for the MRC combiner. However, the computational complexity only grows linearly with the number of PDs at the receiver. By using different weight factors for each PD, the MRC scheme will boost the signal component and attenuate the interference and noise components which results in a high overall SINR.
V. SIMULATION RESULTS
In the simulation, we assume a 19.5 m long, 10.4 m wide, and 4 m high room. All optical APs are placed on the ceiling and all receivers are placed at a desk height of 0.85 m. The radius of each optical cell is assumed to be 1.5 m. Table I shows the simulation parameters.
By varying the position of the optical receiver across all possible locations in the room and estimating the respective achievable SINR, we can determine the cumulative distribution function (CDF) of the SINR for the optical receivers with an equivalent FOV of 48.1
• , which is shown in Fig. 4 . The single-PD receiver has the worst SINR performance. This indicates that, since the FOV of the PD on the single-PD receiver is large, the single-PD receiver will always receive interference from the APs in the vicinity which dramatically degrades the SINR performance. One important observation is that the ADR implementing the SBC and MRC schemes has an over 40 dB SINR improvement over the single-PD receiver. This is attributed to the structure and the combining scheme of the ADR. The ADR uses narrow-FOV PDs to cover the same FOV as the single-PD receiver. These narrow-FOV PDs provide high concentrator gain and help to reject the co-channel interference. Since the PDs on the ADR point to different directions, some PDs may successfully avoid cochannel interference and some of them may not. Since the optical attocell network is an interference limited environment where the interference is several magnitudes higher than the noise [10] , the PDs without co-channel interference can achieve significantly higher SINR than the PDs with co- channel interference. By implementing the SBC scheme, the ADR can choose the PD with the highest SINR, which is usually the one that is free from co-channel interference. Therefore, the ADR implementing the SBC scheme can achieve a high overall SINR. Compared with the SBC scheme, the MRC scheme proportionally weights and combines the signal on each PD, which effectively boosts the signal and attenuates the interference. As a result, it achieves the best SINR performance. Another observation is that the ADR implementing the EGC scheme has a limited improvement over the single-PD receiver. This corresponds to the fact that some PDs on the ADR suffer from interference. Since the ADR implementing the EGC scheme equally combines the signals from each PD, the interference will not be attenuated which degrades the overall SINR. Fig. 5 depicts the CDF of the simulation when the equivalent FOV drops to 31.5
• . One notable change is that the SINR of the single-PD receiver and the EGC scheme increase dramatically in the high SINR regions. This indicates that the users in some locations, i.e., cell centre, are free from interference. It is also worth emphasising that the MRC scheme again significantly outperforms the SBC scheme compared to the previous scenario. This is because, when α decreases, more PDs on the ADR can receive the signal from the source AP. Therefore, by weighting and combining the signals from multiple PDs, the MRC scheme can achieve a better SINR performance than the SBC scheme which uses the signal from only one PD.
The result of the ASE performance versus the number of active users are presented in Figs. 6 and 7. In general, the ASE increases when the number of active users grows. The reason for this is the increased spatial re-use of the available bandwidth. This means that the reuse gain outweighs the loss due to higher interference in this region of operation.
Since the bandwidth allocation of all scenarios are identical, the ASE performance of different optical receivers only depends on their SINR performance. In general, the optical receiver with a better SINR performance will have a better ASE performance. In Fig. 6 and 7 , as expected, the MRC scheme outperforms the other schemes in terms of the ASE performance. In addition, the ASE performance of the single-PD receiver and the ADR implementing the EGC scheme is significantly improved when the equivalent FOV decreases from 48.1
• to 31.5
• . For the single-PD receiver, the improvement is due to the decrease of the FOV of the PD. A narrower FOV can reject the interference from the other APs and provide a higher gain. For the EGC scheme, the improvement stems from the interference avoidance as well as the gain of combining the signals from multiple PDs.
VI. CONCLUSION
In this paper, we study the performance of ADR in an indoor cellular VLC system. Three different combining schemes, the SBC, EGC, and MRC schemes are proposed for the ADR and evaluated in comparison with the single-PD receiver. The results reveal that the ADR outperformed the single-PD receiver with regard to the SINR and ASE. In particular, the MRC scheme provides the best performance, where a 40 dB SINR improvement over the single-PD receiver was achieved. Compared to the MRC scheme, the SBC scheme is of less complexity but with sub-optimal performance. Finally, the EGC is the simplest combining scheme for implementation but yielded little benefit with respect to the single-PD receiver.
